We study the m = 1 distortions (lopsidedness) in the stellar components of 167 nearby galaxies that span a wide range of morphologies and luminosities. We confirm the previous findings of 1) a high incidence of lopsidedness in the stellar distributions, 2) increasing lopsidedness as a function of radius out to at least 3.5 exponential scale lengths, and 3) greater lopsidedness, over these radii, for galaxies of later type and lower surface brightness. Additionally, the magnitude of the lopsidedness 1) correlates with the character of the spiral arms (stronger arm patterns occur in galaxies with less lopsidedness), 2) is not correlated with the presence or absence of a bar, or the strength of the bar when one is present, 3) is inversely correlated to the stellar mass fraction, f * , within one radial scale length, and 4) correlates directly with f * measured within the radial range over which we measure lopsidedness. We interpret these findings to mean that lopsidedness is a generic feature of galaxies and does not, generally, depend on a rare event, such as a direct accretion of a satellite galaxy onto the disk of the parent galaxy. While lopsidedness may be caused by several phenomena, moderate lopsidedness (
INTRODUCTION
When studying physical systems, it is often useful to understand how they respond when disturbed. The responses to various perturbations can highlight the internal structure and the physical processes involved. Signatures of perturbations often involve departures from symmetry. For galaxies, these departures vary from the dramatic, large tidal tails, bridges, and shells (Arp 1966) , to common features such as bars and spiral arms. The study of the latter has a long and rich history, is at the core of the morphological classification of galaxies (see Sandage 1961) , and continues to be a morphological touchstone to the current day, even for the sample of galaxies that will be discussed here Elmegreen et al. 2011) .
With the advent of digital detectors, large surveys, and computing power, and the desire to make results as reproducible as possible, quantitative measures of morphological features have been developed and implemented. For example, the strength of bars and spiral arms can be quantified in terms of the amplitude of the m = 2 Fourier decomposition of the azimuthal surface brightness distribution (Considere & Athanassoula 1988; Grosbøl 1988; Elmegreen et al. 1989) . In comparison to the extensive study of m = 2 modes, and the role these have in phenomena as varied as star formation (Roberts 1969; Elmegreen & Elmegreen 1986 ) and the fueling of the central supermassive black holes (Schwarz 1984; Noguchi 1988) , the m = 1 asymmetries are comparatively neglected.
The m = 1 features, first noted systematically in the H I distributions of galaxies (Baldwin et al. 1980) , are a common feature of stellar disks as well (Block et al. 1994) , with somewhere between 20% and 50% of galaxies exhibiting what is considered to be strong lopsidedness (Rix & Zaritsky 1995; Bournaud et al. 2005; Reichard et al. 2008) , where "strong" has commonly been defined to mean that the surface brightness asymmetry from one side of the galaxy to other is greater than 20% of the mean surface brightness at that radius, although other threshold choices are valid (for example, Bournaud et al. 2005; Jog & Combes 2009, advocate using 10%) . Although such features are generically referred to as "lopsidedness", m = 1 distortions are only truly a measurement of lopsidedness if the phase of the component is constant, or nearly so, with radius. This distinction has been noted in some discussions of the m = 1 decompositions (Li et al. 2011) , but is sometimes neglected. In general, when considered, the conclusion is that the distortions are indeed characteristic of lopsidedness (Jog 1997; Bournaud et al. 2005; Angiras et al. 2006; van Eymeren et al. 2011b) . Despite the ubiquity of m = 1 distortions, how they arise remains unresolved, even though various mechanisms have been suggested (see Jog & Combes 2009 , for a review of the field). As usual, the scenarios can be divided into a "nature" category, for example one in which the lopsidedness arises from an asymmetric dark matter dominated potential, and a "nurture" category, for example one in which the lopsidedness arises directly from interactions or mergers with another galaxy. Disentangling the scenarios, if at all possible, requires more information than has been available, but is critical in enabling us to use lopsidedness to learn about either fundamental properties of galaxies or to reconstruct critical aspects of their evolution.
In general, there are several concerns that observational studies of disk asymmetries face. First, one wants to measure the asymmetry in the underlying stellar mass, not light. This desire tends to push the studies to redder bandpasses to avoid the strong influence of recent star formation episodes. However, as noted since the early near-IR studies (for example Rix & Zaritsky 1995; Rhoads 1998 ) these concerns are not entirely answered by going as far red as possible because young and intermediate age evolved stars will also bias the spatial distribution of infrared flux. Recent work has attempted to reach a quantitative understanding of this contribution and has demonstrated that this issue is a nonnegligible source of uncertainty (Melbourne et al. 2012; Meidt et al. 2012; Eskew et al. 2012) . Second, one wants to mitigate extinction, which certainly affects the measurement of m = 2 features because dust can trace spiral structure and bars, but is perhaps less of a factor in the measurement of m = 1 features. Both of these concerns help drive studies to the red, at least to I band and often into the near-infrared. Third, one wants a large sample with which to search for correlations with other physical parameters. This goal has motivated the study of large samples in visible light (Reichard et al. 2008) , although there are other limitations, such as spatial resolution and surface brightness limits, that temper one's ability to construct ever larger samples, particularly in the nearinfrared. The S 4 G sample is the largest infrared sample of nearby galaxies to date and reaches significantly lower surface brightnesses than the previous near-infrared samples as well as most visible-light samples.
In this paper, we present a study of the behavior of lopsidedness in the stellar distribution of galaxies, reaching conclusions regarding the distribution of lopsidedness among the galaxy population, the radial behavior of lopsidedness, and the correlations between lopsidedness and Hubble type and surface brightness that agree with those reached in the studies cited above. We then proceed beyond these results by examining correlations between the nature of m = 2 modes and lopsidedness, and the correlation of lopsidedness with more detailed physical quantities, such as the stellar surface density and the stellar mass fraction, in an attempt to identify the dominant reason for lopsidedness in galaxies. We will conclude that lopsidedness is a generic feature of galaxies, rather than a common but externally triggered phenomenon, and suggest that the strength of the distortion is connected to physical characteristics of the stellar and dark matter distributions.
THE DATA AND MEASUREMENTS
The parent sample for this study is the S 4 G sample (Sheth et al. 2010) , which now consists of 2,352 galaxies. This sample is believed to be representative within the local volume, although additional selection criteria or requirements imposed by us, such as the existence of an H I redshift, and the surface brightness limitations of the existing catalogs from which the sample was selected, may introduce bias. Given the degree to which we are nearly complete to a magnitude limit of m B = 15.5 with respect to existing catalogs, we expect that the sample is representative (for more information about selection see Sheth et al. 2010 ). We observed these galaxies using the Spitzer Space Telescope (Werner et al. 2004 ) and its Infrared Array Camera (IRAC, Fazio et al. 2004 ) at 3.6 and 4.5µm and reduced the data as described by Regan et al. (2013) and Muñoz-Mateos et al. (2013) . In this study we use only the 3.6µm data. All of the data are now publicly available (http://irsa.ipac.caltech.edu/data/SPITZER/S4G/).
The asymmetry analysis that we pursue is based on the azimuthal decomposition of the luminosity in circular annuli. For most such treatments, the images are deprojected to account for the inclination of the galaxy to the line of sight. While this issue is key for the measurement of the m = 2 mode, which would be artificially inflated by inclination if left uncorrected, it is unimportant for the m = 1 mode, at least as long as the inclination is moderate. Instead of deprojecting the image, we select nearly face-on (inclination ≤ 30
• ) galaxies to study, thereby avoiding uncertainties introduced by uncertainties in the measured inclination and position angle. We do correct the measured m = 2 amplitudes for inclination, but these corrections are small. Selecting face-on galaxies also provides other benefits, such as diminishing the effect of internal extinction and enabling a less ambiguous definition of the galaxy center. We repeat the Fourier decomposition at each radius, where the radius is incremented by 2 pixels (1.5 arcsec) for each subsequent annulus. Before calculating the Fourier terms, we apply the foreground stellar masks described by Muñoz-Mateos et al. (2013) and Salo et al. (2013) and interpolate across the masked regions. The underlying galaxy luminosity, I(r, θ), is described as
where we find the best fitting A m , for 0 ≤ m ≤ 4, and θ m , for 0 < m ≤ 4, and both A m and θ m are functions of radius. This technique, which has been used before (see Salo et al. 2010, for an example) , is applied to all of the galaxies that have inclinations ≤ 30 • and T-type > −5. To be specific, A 0 measures the mean surface brightness as a function of radius, the amplitudes A m measure the strength of the mth component, where m = 1, 2, 3, and 4 in our decomposition, and the values of θ m measure the corresponding phase angle of that component as a function of radius. To compare among galaxies of different surface brightnesses, we express the strength of the mth component relative to the 0th component, A m /A 0 . The phases are arbitrarily referenced to the image axes and so only differences in phase have any physical meaning. We detect lopsidedness when the m = 1 amplitude is large and the phase is roughly constant. We show an example of the results of the Fourier decomposition in Figure 1 .
Inclinations, for those galaxies having dynamically cold, thin disks, are typically determined by inverting the observed axis ratio under the assumption that disks are intrinsically round. In practice, this process involves selecting an isophote, typically, as we have also chosen, an outer one, for which one measures the major to minor axis ratio. We reviewed each image to ensure that we were measuring the disk rather than an extended halo component, that the surface brightness profile was regular at the chosen radius, and that the uncertainties in the surface brightness were still modest. In certain types of investigations, such as those attempting to constrain the intrinsic shape of disks (such as Rix & Zaritsky (1995) or Ryden (2004) ) this approach to determining inclination is clearly inappropriate. Instead, those studies must determine inclinations using a shape-independent approach, for example using the ratio of the H I line width, which is inclination dependent, to the expected width calculated from the Tully-Fisher relation and the galaxy's magnitude. Here, because we use inclination only as a mild selection criterion, demanding that the galaxy be less than 30
• from face-on, and are not seeking to study the intrinsic disk shape, we do not expect inclination to play a major role and we adopt the determination based on the axis ratio. However, investigating the intrinsic shape of stellar disks remains an interesting question, and attempts to do that in the future with these data should not use the inclinations derived from the S 4 G Pipeline 4 analysis (Sheth et al. 2010; Salo et al. 2013) .
A few technical details merit some further discussion. As noted above, for several reasons we limit our sample to galaxies that are nearly face-on, with inclinations ≤ 30
• . The exact value of the limiting inclination is subjective, and is a compromise between the inclusion of some projection effects and the retention of a sufficiently large sample. Because of the large size of the original sample, even a fairly strict inclination cut results in a statistically robust sample. For a randomly oriented sample of galaxies, an inclination cut of 30
• results in the inclusion of only 14% of the original sample. However, significantly increasing this fraction results in inclination cuts that we consider to be too permissive given our preference for selecting face-on systems. For example, doubling the fraction would require increasing the inclination cut to 46
• . Second, the galaxy center is as defined in the P4 stage of the S 4 G reductions and the method will be explained in detail by Salo et al. (2013) . Briefly, we visually identify the galaxy center to provide an initial estimate and a more precise center is determined algorithmically. The automated procedure works well for brighter galaxies, but not for some late-type systems. For those galaxies where the method fails, the center was estimated visually. The important conceptual point is that the center is defined to be a local maximum in the surface brightness and not representative of what one might estimate as the center on the basis of an outer isophote. Although the identification of the center is one of the most obvious potential sources of systematic error in the determination of lopsidedness, in practice it does not affect the results. Any misplacement of the center in an axisymmetric galaxy will cause A 1 to increase sharply as r → 0, rather than decrease as observed (see below), and will result in a decreasing A 1 as a function of radius, opposite to the observed trend. For both of these reasons, centering is not considered to be an important source of uncertainty in this discussion.
The sample satisfying these criteria contains 186 galaxies. Most of the reduction in sample size from 2,352 to 186 is due to the inclination criteria. However, our final sample is smaller than one would expect if orientation were the only criteria (that sample would be expected to have 329 galaxies), which suggests that some additional hidden selection is occurring. We speculate that a surface brightness selection bias in both the catalog magnitudes and H I measurements is in part resulting in the over-representation of highly inclined systems in the S 4 G sample. Furthermore, there is a bias that results from the application of internal extinction corrections that we applied, based on literature values of the inclination. These inclination estimates are often poor for faint galaxies. Noise in the inclination measurement is likely to result in the inclusion of highly inclined systems for which the correction is highly sensitive to inclination and can easily be overestimated, enabling the galaxy to satisfy the magnitude limit and enter the S 4 G. Such a bias does not affect our study, other than in reducing the fraction of suitable systems for further study.
We obtain supplementary data from existing databases. Morphologies expressed as T-types are from the amalgamation provided by Hyperleda (Paturel et al. 2003) . While those may be somewhat irregular, with poorly defined uncertainties, we use them only as a rough sorting criteria and they are included in Table  1 . We adopt distances provided by NED, using their full local flow modeling (Virgo + Great Attractor + Shapley) and their default cosmological parameters, which are consistent with the standard Λ cosmology.
To compare the properties of asymmetric features among galaxies, we define a radial range over which to calculate them because previous studies have shown them to be radius dependent (for example, m = 1 modes tend to increase in strength with radius, Rix & Zaritsky 1995) . We adopt an approach of the type used by Zaritsky & Rix (1997) who calculated the strength of the first Fourier component, A 1 , as the average of A 1 /A 0 between 1.5 to 2.5 disk scale lengths, R S (see below for how we calculate R S ). Averaging over a radial interval helps reduce the noise in these determinations and adopting a radial range that scales with galaxy size defines a fiducial that can be used across all galaxies. Here we expand on this approach by calculating the average amplitude of both A 1 /A 0 and A 2 /A 0 , A 2 , and do so not only over the radial interval between 1.5 and 2.5 R S , but also over a second that spans 2.5 to 3.5 R S . We distinguish results for the two radial ranges with the subscript i for the inner of the two annuli and o for the outer, for example using A 1 i to denote the average of A 1 /A 0 over the inner radial range. The deep data from S 4 G allow us to explore the behavior at larger radii than in most previous studies (see van Eymeren et al. 2011b , for an exception), but we do not extend beyond 3.5R S because we start to lose many galaxies from the sample due to the field-of-view. Outer disk features in S 4 G galaxies are discussed by Laine et al. (2013) . We limit the inner radius to 1.5R S because interior to 1.5R S other components, bars and bulges, become important and also theoretical considerations suggest that significant lopsidedness will begin to occur beyond 1.8 scale radii (Jog 2000) . If one prefers a single value for the measure of lopsidedness, we recommend averaging A 1 i and A 1 o .
To obtain a measure of a scaling radius, we develop a robust approach that is as independent of the underlying profile and multiple components as possible. This crude approach is necessary because our sample spans a large range of morphological types, including early types (E/S0). Rather than taking a detailed approach that attempts multi-component fits and profiles that have additional freedom, such as Sérsic profiles (Sérsic 1968) , we do the following. We fit an exponential to the mean radial surface brightness data, A 0 (r) using an iterative approach of χ 2 minimization. On the first pass, we fit over all available radii. We then exclude data that are 0.2 dex above the fit and refit. This step helps remove sharply rising features, such as a central bulge or nucleus. We then repeat the fitting excluding only the data that are 0.4 dex above the fit. This step has the same aim, but uses the refined fit. Finally, we run two ad-ditional iterations that only exclude data that are 0.6 dex from the fit. These iterations remove outliers in either direction relative to the fit. Because not all of the surface brightness profiles are described well by exponentials (see Muñoz-Mateos et al. 2013 , for specific examples within S 4 G), the fits for certain galaxies are poorer than for others, although in general they are reasonably good and certainly indicative of how quickly the luminosity profile declines with radius ( Figure 2 ). The goal of this approach is to provide a rough measure of scale (when we average over a range of radii we are not sensitive to the exact measure of R S ) and one that is robust, simple, and can possibly be applied to simulations. This method is not intended to provide precise measures of the disk scale length. Those will be presented elsewhere for S 4 G galaxies (Salo et al. 2013) . We retain the final χ 2 values as a relative figure of merit of the fit and those values are included in Table 1 and used to color code galaxies in some of our Figures. Example fits for the first nine galaxies in our list are shown in Figure 2 (all fits are shown in the electronically available version of this Figure) . None of our subsequent results varies with the quality, χ 2 , of these fits. In intervals of two pixels in radius, we evaluate the Fourier components and phases up to m = 4. The radial profiles of the amplitudes of the m = 1 and 2 components are shown in Figure 2 and the corresponding phases for the m = 1 components are shown in Figure 3 . The average values over the defined radial intervals are listed in Table 1 . Of the 186 galaxies we began with, only 167 have best fit radial profiles that indicate that the images we have completely include the radial range from 1.5 to 2.5 R s . This slightly smaller sample is what we now discuss and include in the Tables and Figures. 3. RESULTS 3.1. The Radial Behavior of A 1 /A 0 In Figure 5 we show the radial behavior of A 1 /A 0 for galaxies as a function of their 3.6µm absolute magnitude (the evaluation of the asymptotic total 3.6µm magnitudes, M 3.6 , for the S 4 G sample are described and presented by Muñoz-Mateos et al. 2013 ) and morphology. Each panel represents ≥ 3 galaxies, with a median calculated at a particular radius only if there are ≥ 5 measurements within that radial bin. Two features stand out. First, among the early types (top two rows) there is very little lopsidedness inside of two scale lengths. For the brightest, presumably most massive, early types there is almost no sign of lopsidedness within 4 scale lengths. Strong m = 1 distortions are therefore not to be expected in all galaxies at all radii. In particular, some property of these early type galaxies, at these radii, damps such distortions. Second, the m = 1 amplitudes generally rise toward larger galactic radii independent of galaxy type or M 3.6 magnitude (and presumably mass). Even in those early type galaxies that show little or no m = 1 component at smaller radii, it can be significant at larger radii. The possible exceptions to this broad statement are the faint very late type galaxies, where this mode can be large at all radii. The trend toward greater amplitudes at larger radii demonstrates that centering issues are not the root cause of our m = 1 distortions, as such errors would lead to larger m = 1 amplitudes at small radii, and smaller amplitudes at large radii. The detection of rising distortions with radius has been noted before in other samples (Rudnick & Rix 1998; Conselice et al. 2000; Reichard et al. 2008) . Although one might suspect that this behavior simply reflects the longer dynamical times of matter at larger radii, it is also the signature of a model where lopsidedness arises from the asymmetry of the underlying dark matter potential, which has a more dominant role at larger radii (Jog 1999) . The trend in m = 1 behavior with morphology suggests that dynamical times are not the only factor in determining the appearance of this mode.
The Morphological Nature of the m = 1 Distortions
In general, m = 1 distortions are referred to as lopsidedness (e.g. Rix & Zaritsky 1995; Bournaud et al. 2005; Reichard et al. 2008) , even though this terminology is not quantitatively correct. An m = 1 mode can wrap around in azimuth, resulting in a feature that resembles a one-armed spiral rather than lopsidedness. An example of this can be seen in the inner half of the m = 1 component shown in Figure 1 . As such, lopsidedness requires not only significantly large values of A 1 /A 0 , but also a level of constancy in the phase, θ 1 (see Li et al. 2011 , for one example of a quantitative phase criteria). An analogous ambiguity exists in the interpretation of m = 2 features, which although generally interpreted to imply the existence of a bar, can also arise from spiral arms.
We quantify the change in θ 1 over our two chosen radial intervals by fitting a line to the θ 1 (r) values within each interval. We define the m = 1 distortion as lopsidedness if the phase profile slope, as evaluated by the fitted line, represents less than a 45
• change in phase angle over the relevant radial interval. To determine whether we are, in general, measuring lopsidedness, we consider the following. Sixty and fifty-eight percent of the galaxies with large A 1 i , >0.3, and well determined phase changes (σ ∆θ1 < 20
• ) satisfy ∆θ 1 < 45
• within the radial ranges, 1.5 < R/R s < 2.5 and 2.5 < R/R s < 3.5, respectively. Requiring a phase change of less than 30
• still results in nearly half of the galaxies being included (47 and 54% respectively). We conclude that for at least half of the galaxies with large values of A 1 i , the correct geometrical description is indeed lopsidedness. Even the significant fraction of systems for which the m = 1 distortion has a larger variation in θ 1 may have started with true lopsided features that have been wound around by differential rotation. For the example we show in Figure  1 , NGC 3906, we reproduce the relevant information in Figure 6 from which it is clear that at large radii the m = 1 phase is constant and confirms the visual impression of lopsidedness from Figure 1 . On the other hand, the nature of the m = 1 distortion within the inner radial interval is complicated, with a significant phase swing, which can also be seen in the image of the galaxy. Other studies have also generally identified the m = 1 mode at large radii as lopsidedness (Jog 1997; Bournaud et al. 2005; Angiras et al. 2006; van Eymeren et al. 2011b ). nation with the rate at which these features are generated, helps determine the fraction of galaxies that have such a feature, it bears directly on the question of the physical origin of lopsidedness. In general, differential rotation will erase any structure quickly, and this has been appreciated in the context of lopsidedness since the first systematic study of the phenomenon (Baldwin et al. 1980) . The lifetime can be extended if there is either strong self-gravity or an underlying asymmetric potential, and so a theoretical estimate of the lifetime of lopsidedness is difficult to calculate from first principles.
We use the measured change in phase as a function of radius to constrain the amount of winding. We begin with the θ 1 vs. radius linear fits in each of our two radial ranges that we calculated previously. In the case of a constant circular velocity, the ratio of the phase changes across the two radial ranges due to kinematic winding can be calculated (2.3, with the higher phase change across the inner annulus). The magnitude of the phase change across two radii depends on the circular velocity and time since the feature was generated (assuming that no phase change was present across the original feature), but this ratio is independent of the circular velocity and the physical units of radius. The distribution of this ratio for our galaxies is shown in Figure 7 . It does not peak at 2.3, indicating either that the phase change behavior across radius is not due to purely kinematical effects or that measurement uncertainties have worked to erase the peak. The smaller the actual phase changes (either because the circular velocity is small, the time since the feature was created is short, or something is counteracting the winding) the easier it is to alter the peak for a given measurement uncertainty (while the ratio is fixed, Fig. 3 .-Phase and m = 1 and 2 Fourier component amplitude profiles for our sample of 167 galaxies (only first nine shown here, all are included in the electronic version of this Figure) . As a complement to Figure 2 we show here the phase of the m = 1 component as a function of radius for each galaxy in the upper panels. The lower panels are the same as those in Figure 2. the effect of uncertainties on this ratio does vary). For our data, the formal slope uncertainties tend to be ∼ 15
• . Using a Monte Carlo approach to simulate the effects of uncertainties, we test for the range of acceptable phase changes in the outer annulus (the inner one then has a change that is 2.3 times larger under the assumption of differential rotation and a flat rotation curve). For an error of 15
• , we find that the 90% confidence interval on the allowed phase change in the outer radial bin is between 18.6
• and 37.4
• . Therefore, the data allow for some "winding" of the m = 1 feature consistent with differential rotation. For a typical rotation velocity of 150 km sec −1 and a scale length of 2 kpc, a phase difference of 37
• would develop in slightly over 8 × 10 7 yrs. Even in later type galaxies, where the rotation curves are more often characterized as rising than flat, the rotation velocities drop well short of a solid body rise beyond the innermost radii (solid body rotation results in no winding). An increase by a factor of a few in winding times does not resolve the kinematic winding problem. Therefore, the distortions are either produced often or they last much longer than this estimate due to other physical effects. If the distortions are produced often then they would need to be produced about every 10 8 yrs in each galaxy, so as to be seen in a large fraction of all galaxies. This timescale is too short for external events because we do not expect an accretion event or flyby of a satellite galaxy every 10 8 years. So either the self-gravity is important, or there is a continuous forcing, such as from a bar of an offset halo. The conclusion that kinematic winding is not dominant has been reached before (Baldwin et al. 1980; Ideta 2002) , although here we place a more quantitative limit on the expected lifetime if differential rotation is the sole operating factor and detect some evidence for slight winding due to differential rotation. Figures 2 and 3 , we show images of the first nine galaxies and an indication of the inner edge of the inner radial range over which we measure the mean lopsidedness. The galaxy in the upper right corner (ESO245-007) is partially resolved and low surface brightness. Its surface brightness profile indicates that R S is too large and so it is not analyzed further. The image sections shown are all scaled similarly and correspond to only the inner 300 × 300 pixels (3.75 arcmin on a side) about the galaxies.
In Figures 8 and 9 , we show the relationship between A 1 and A 2 for our two radial ranges. For the inner radial range, the two quantities often, but not exclusively, rise in concert, confirming again that values of A 1 i are not the result of a systematic error (such as miscentering). We color code the galaxies by the quality of the surface brightness profile fit used to derive R S to highlight any potential dependence arising from our exponential fitting of the surface brightness profiles. We find no evidence that any of the following results depend on the quality of this fitting.
Although many of the galaxies lie nearly on the 1:1 line between the two axes in Figure 8 , there are two populations that deviate significantly from this relation. First, a subset of galaxies with large (>0.4) values of A 2 i is present. From visual inspection, we conclude that in general these are systems with strong bars, which cause the high values of A 2 i . Unlike the galaxy in Figure 1 , strong bars are not always associated with strong m = 1 features because most bars are centered and roughly symmetric. We explore this issue further in §3.5. Second, there is a tail of systems to large (> 0.3) values of A 1 i . Again, we visually examined these and find that nearly one half of these systems appear to be actively interacting. A few more have either a poorly defined center or a bright knot near the center that could have been mistaken for the center. We conclude that the majority of these systems are not the class of interest. Overall, the results suggest that within the inner radial range, m = 1 asymmetries can be closely related to m = 2 asymmetries. This correlation does not arise from a single phenomenon. For example, one subpopulation that satisfies this trend is that of the Magellanic Irregulars that, like the Large Magellanic Cloud (see, Zaritsky 2004), tend to have an off-center bar (de Vaucouleurs & Freeman 1972) and about half the time enhanced star formation at one end of the bar , which can account for both high m = 1 and 2 amplitudes (Colin & Athanassoula 1989) , but these represent a small fraction of the total galaxy sample.
At larger radii, Figure 9 , the behavior is different, with less appreciable correlation between A 1 o and A 2 o . The data seem to suggest that the m = 1 asymmetries persist to larger radii, and even grow in relative amplitude. This phenomenon has several possible origins. For example, m = 2 modes may be highlighted by the star formation that occurs in arms. Although the sensitivity to star formation is diminished at these wavelengths relative to optical bands, significant flux (∼ 30%) can come from young, massive stars in these passbands Eskew et al. 2012) . Beyond the star formation threshold (Kennicutt 1989) , the amplitude of these asymmetries, even if not decreasing in relative mass, would be diminished. Alternatively, the m = 2 mode may not propagate beyond some critical resonance, such as the outer Lindblad resonance, although weak spiral structure is visible in the distribution of outer disk HII regions and star clusters (Ferguson et al. 1998; Thilker et al. 2005; Zaritsky & Christlein 2007; Herbert-Fort, et al. 2012 ). Interestingly, a visual study of outer disks in this sample found no correlation in lopsidedness at large radii and interactions or the presence of nearby companions (Laine et al. 2013) , potentially providing another important clue to the origin of these features.
Connections to Morphology and Luminosity
To increase the signal-to-noise of our lopsidedness measure, we now average the inner and outer radial interval measures. Plotting the value of ( A 1 i + A 1 o )/2 relative to galaxy morphological type in Figures 10, we find a well defined upper envelope that increases steadily toward later types. The correlation with type (Spearman rank correlation coefficient of 0.397, corresponding to a probability of arising at random of 1.5 × 10 −7 ) is more the result of this envelope than a well-defined correlation because even for the latest types some galaxies exist with low values of ( A 1 i + A 1 o )/2. The lack of a strict correlation suggests that the physical origin of this effect may be related to a characteristic that correlates with morphological type, but varies within any given T-type. For example, Reichard et al. (2008) found a strong correlation between lopsidedness and surface density. Because the earlier types are generally of higher surface density, such a correlation would give rise to an effect that is noticeable among galaxy morphologies as well. Of course, there are other galaxy properties that correlate with morphology, such as gas richness, environment, and bulge mass for example, that could also play a role in the presence or absence of lopsidedness.
Morphology, or some property that correlates with morphology, is a somewhat stronger indicator of lopsidedness than stellar luminosity (or mass). In Figure 11 , we plot ( A 1 i + A 1 o )/2 vs. M 3.6 . Although the visual impression is significantly less striking than in Figure  10 , a significant correlation does exist (correlation coefficient of 0.312 and a probability of arising at random of 6.3 × 10 −5 ) but the quantitative results suggest that it is somewhat weaker than that with type. It is perilous to compare correlation strengths between quantities with Interestingly, the behavior of A 2 i is quite different than that of A 1 i , even though we saw before that the two are often related. First, in the upper panel of Figure 12 we show that while A 2 i does not correlate with type, the strong values of A 2 i are limited to a narrow range of T-Types (1 -5). Otherwise, the strength of the m = 2 modes is fairly T-type independent (although recall that this mode measures both bars and spiral arms). Second, in the lower panel of Figure 12 , we show that high m = 2 amplitudes are mostly contained near M 3.6 ∼ −20.5. Again, other than those large A 2 values, the distribution appears to be independent of M 3.6 . So, unlike m = 2 distortions, which are generally considered to be common but are actually confined to specific masses and morphologies, m = 1 distortions, which are generally considered to be somewhat special, can occur in any galaxy despite the preference for later types.
The results above are coarse in that they combine a set of different asymmetries, bars and arms, into one category. We now examine how lopsidedness behaves with respect to arm and bar classifications. We classify the arm and bar types as done for a subset of S 4 G galaxies by Elmegreen et al. (2011) , specifically categorizing galaxies with spirals arms as flocculent, multiple arm, or grand design, and all disks as either having a weak, a strong, or no bar. The results are included in Table 1 and the statistics are presented in Tables 2 and 3. Beginning with the arm classification, there is a strong dependence between the arm class and both A 1 i and A 2 o . Flocculent spirals have the strongest m = 1 distortions, while the grand design spirals have the weakest. In a scenario where grand design spirals, such as that in M 51, are initiated by close a fly-by, this argues against such an event being critical to the creation of most m = 1 distortions. This interpretation would agree with the finding that lopsided galaxies are generally not obviously interacting systems or accompanied by nearby companions (Jog & Combes 2009; Laine et al. 2013) . Likewise, these results argue that the same physical characteristic of a galaxy that promotes an m = 1 mode is related to the flocculent nature of the spiral arms.
In contrast, the presence of a bar seems to have only a modest effect on the m = 1 properties, with a statistically significant difference only for strong bars and m = 1 in the inner radial range. This result appears at odds with the correlation seen in Figure 8 where, for the inner radial range, A 1 and A 2 correlate. Interpreting that correlation, however, is difficult. First, larger A 2 can be a signature of a bar, but it can also reflect the presence of spiral arms. Second, the correlation seen between morphology and lopsidedness is also present to some degree between morphology and A 2 . The earli- Fig. 7. -The distribution of m = 1 phase angle changes across the inner and outer radial intervals. The solid line represents the best fit model described in the text and demonstrates that observational uncertainties in combination with a small amount of winding can reproduce the observations. est type galaxies, ellipticals and lenticulars, have little or no A 1 (Figure 5 ) and by definition no spiral arms. We therefore expect some correlation between A 1 and A 2 based on the range of morphologies in the sample. The least ambiguous data to examine for a connection between lopsidedness and bars is that of our bar classifications. We conclude that the creation of a bar, whether as a result of an interaction or a disk instability, does not generally result in m = 1 distortions, particularly such distortions at large radii. Conversely, the creation of an m = 1 distortion does not generally result in a corresponding bar.
3.6. Determining Stellar Masses, Surface Densities, Total Enclosed Masses, and Stellar Fractions Following the suggestion of Rudnick & Rix (1998) and Reichard et al. (2008) , we now explore the role of surface density on lopsidedness. In particular, we use our 3.6µm photometry to measure stellar surface density and, in combination with the IR Tully-Fisher relation that provides an estimate of the rotational velocity and therefore halo mass, the stellar mass fraction. First, we calculate the stellar mass using the transformation from 3.6µm flux to stellar mass presented by Eskew et al. (2012) . Specifically, the stellar mass, in solar units, can be expressed as 10 5.9 F 3.6 (D/0.05) 2 , where F 3.6 is the flux at 3.6µm in units of Jy and D is the distance to the galaxy in Mpc. Stellar surface densities are then calculated by dividing the stellar mass by the corresponding area over which the flux was measured. We measure the flux by integrating the values of A 0 (r) over the desired radial range. 3.6µm absolute magnitude. Two galaxies without M 3.6 measurements are excluded, as are three galaxies with M 3.6 > −15 and one galaxy with a value of A 1 i ∼ 1.5
We obtain the rotational velocity, v c , by inverting the Tully-Fisher relation at 3.6µm presented by Sorce et al. (2012) . The enclosed total mass at any radius is then estimated using v 2 c r/G. The stellar mass fraction, f * , is then defined to be the stellar mass over the radial range of interest divided by the total mass enclosed within the same radial interval. Despite the various simplifying assumptions involved in the calculation of both the stellar and total masses, the stellar fractions obtained are within a reasonable range, 0.1 < f * < 1, for the vast majority of the galaxies. A lower limit on the uncertainties in f * can be gauged by the spread of values above the physical limit, f * = 1.
In Figure 13 we show the dependence of ( A 1 i + A 1 o )/2 on both stellar surface density, Σ in units of M ⊙ /pc 2 and the stellar mass fraction, f * , for radii in- -Relationship between m = 1 amplitudes measured either interior to R S (upper panels) or between 1.5 and 3.5 R S (lower panels) and stellar surface mass density, Σ, (left panels) and stellar mass fraction, f * , (right panels). The correlations are stronger with f * and are inverted from one radial range to the other.
side R S and radii over which ( A 1 i + A 1 o )/2 is measured, 1.5R S < r < 3.5R S , for all galaxies with both A 1 i and A 1 o < 0.8. While all panels show some evidence for correlations, an interesting trend is that the strength of m = 1 distortions anticorrelates with Σ and f * at small radii and correlates with the same quantities as measured at larger radii. Specifically, the inverse relationship with Σ interior to R S is fairly strong (correlation coefficient, R, −0.354, probability of randomly arising, P , 5.2×10 −6 ) and inverted and much weaker over the radial range in which we measure lopsidedness (R =0.211, P = 0.021). The trends with f * are stronger, even though to calculate f * we introduce a second set of assumptions and uncertainties that one might have expected to weaken the apparent correlations. Instead, the anticorrelation seen at small radius is very strong (R = −0.387, P = 5.2 × 10 −7 ) as is the positive correlation at larger radii (R = 0.353, P = 7.7 × 10 −5 ). At this point, when we are about to begin to interpret these correlations, it is critical to articulate the nature of the interdependencies between parameters. Specifically, both Σ and f * correlate with morphology and f * , as calculated, depends directly on Σ. Specifically, early T-Types tend to be more centrally concentrated and have higher f * in the inner regions and lower f * in the outer regions. Therefore, the measured correlations could be the result of another physical characteristic of galaxies that correlates with morphology. For example, if lopsidedness is more likely to occur in gas rich galaxies then we would expect a correlation with morphology that would give rise to a correlation with Σ and f * . The often stated admonition "correlations do not imply causality" is valid.
In an effort to identify whether the connection to f * is more fundamental than with T-type or Σ we search for correlations between the residuals about the various mean trends with lopsidedness. Unfortunately, we find no compelling evidence for the primacy of one of these parameters over another in relation to the central concentration of stellar mass. There is a suggestion, as noted above, that f * within R S correlates slightly more strongly with lopsidedness than Σ within this same radius, and this result is perhaps more significant given the crudeness of the f * calculation. Calculating f * using observed rotation curves might help clarify this distinction. On the other hand, we find that the correlation between f * measured over the radial range in which we measure lopsidedness (1.5R S < r < 3.5R S ) and lopsidedness is noticeably superior to that with either Σ or morphology. First, the correlation between lopsidedness and Σ measured over this radial range is not significant. Second, when we limit the morphological types of galaxies considered to normal disks (3 ≤ T < 8), we retain a comparably strong correlation coefficient (0.331) that, despite the smaller sample size, remains significant (P = 0.007).
On the basis of the correlations between lopsidedness and f * , we hypothesize that the strength of m = 1 distortions for most galaxies depends on the interplay of the central relative concentration of stars to dark matter, with higher concentrations helping to dampen such distortions, and the outer relative concentration of stars to dark matter, with higher concentrations helping generate or sustain such distortions. This scenario, along with other results noted above, implies that lopsidedness for most galaxies is an internal phenomenon, perhaps depending on the asymmetry and centering of the dark matter potential or on a gravitational instability that is partially, but incompletely, stabilized by the dark matter halo or a dynamically hot stellar component. In the former, it is reasonable to expect that a higher concentration of stars to dark matter will help center the stellar and dark matter distributions, eliminating offsets that could have given rise to lopsidedness (Levine & Sparke 1998; Noordermeer et al. 2001) and that these same stars will help circularize any asymmetry in the underlying potential (Jog 1999; Bailin et al. 2007 ), which could also have lead to lopsidedness (Weinberg 1994; Jog 1997) . If the stellar component is less dominant at small radii, these balancing effects would be lessened. Sug-gestions of stabilization against lopsidedness by central concentrations, such as a bulge, have been made previously (Jog & Combes 2009) and such concentrations may also diminish the expression of lopsidedness (Heller et al. 2000) . At larger radii, because self-gravity reduces the effect of kinematic winding , it is necessary that the stars represent a significant portion of the overall potential over the radii where the m = 1 distortions are measured if they are to assist in the survival of any features for long periods. Analogous conclusions exist regarding the nature of spiral arms and the behavior of rotation curves (Elmegreen & Elmegreen 1990 ). In the latter, it is primarily the large outer disk values of f * that are responsible for generating an m=1 mode of the flavor originally proposed by Ostriker & Peebles (1972) to account for stellar bars.
This speculation is not intended to entirely exclude accretion, mergers, and or interactions as a potential source of m = 1 distortions (Zaritsky & Rix 1997; Kornreich et al. 2002; Mapelli et al. 2008) . In particular, in the upper panel of Figure 13 one can perhaps identify two populations. First, there is the dominant one that appears to have increasing ( A 1 i + A 1 o )/2 with decreasing f * . Second, there is a population with ( A 1 i + A 1 o )/2 > 0.3 that is found at all values of f * . These larger distortions may indeed be caused by interactions, while the lower level ones arise from internal halo asymmetries. Interestingly, the two populations are not distinct in the lower right panel of Figure 13 , the one that probes the connection between lopsidedness and the mass fraction at the radii over which lopsidedness is measured, which may be due to the requirement that independent of the origin a substantial f * is needed to maintain a distortion. Independent evidence in the form of larger values of m = 1 modes for galaxies in the Eridanus group (Angiras et al. 2006 ) also suggest that interactions do play some role, and other lines of evidence also support a tidal origin (van Eymeren et al. 2011b) , even if only to make the dark matter potential asymmetric in the first place. Neither do we argue against asymmetric gas accretion as a cause of lopsidedness in the H I distribution (Kornreich et al. 2001; Bournaud et al. 2005; Keres et al. 2005) , which would primarily affect the H I distribution at even larger radii (such as explored by van Eymeren et al. 2011b ).
If we accept the suggestion that moderate levels of lopsidedness reflect asymmetries in the underlying halo, we can connect ( A1 i + A1 o)/2 with halo ellipticities, ǫ h . Jog & Combes (2009) calculate how the distortions in the isophotes are magnified versions, by a factor of ∼ 4, of those in the potential. Therefore, what we have termed moderate lopsidedness corresponds to ∼ 5% distortions in the dark matter halo. It seems difficult to imagine how such small deviations from symmetry could be avoided in a hierarchically constructed halo. As such, it seems that any other phenomenon leading to lopsidedness, such as internal disk instabilities, would work as a supplement to that generated by halo lopsidedness.
Kinematic Signatures
In detail, the various origin scenarios can lead to different kinematic signatures. Unfortunately, lopsidedness is most easily seen in face-on galaxies, such as those presented here, which are the least favorable for detecting kinematic deviations from a symmetric rotation curve. For example, Rix & Zaritsky (1995) are measurable in edge-on galaxies particularly at larger radii where extinction is less of a factor and the lopsidedness is larger. More detailed calculations suggest that asymmetries of 10% or 20 to 30 km s −1 should be expected (Jog 1997 (Jog , 2002 . Such kinematic lopsidedness has been observed to be common, at least in the gas (Richter & Sancisi 1994; Swaters et al. 1999; van Eymeren et al. 2011a) .
The surface brightness profiles of lopsided galaxies even when seen edge-on are detectably asymmetric if the viewing angle is favorable. To demonstrate this claim we have taken some of our face-on galaxies and effectively inclined them to our line of sight by summing the luminosity through the disk along lines-of-sight located within the disk plane. We chose three disk galaxies with insignificant bulges, for simplicity, and varying degrees of lopsidedness. This assumes no additional extinction in the disk plane, but even if this assumption is questionable, the extinction is unlikely to be such that it preferentially removes asymmetries. In Figure 14 we show three galaxy profiles, where we take 4 different viewing angles that are all in the disk plane, spaced equally in azimuth. Although asymmetries are visible in all cases, NGC 4625, with A1 i = 0.245 ± 0.024, has strong asymmetries where the surface brightness profile differs by about 2 magnitudes from one side to another when viewed from certain orientations. NGC 2750, with A1 i = 0.085 ± 0.12 shows less noticeable asymmetries, while the asymmetries for NGC 2776, with its larger A1 i = 0.194 ± 0.018 shows the least striking asymmetries. The last two demonstrate how sharp breaks in the profile can highlight asymmetries that are less pronounced in a purely exponential profile. Quantitatively this level of asymmetry should be recovered in the exponential profile, but asymmetries in the galaxies with sharp breaks are easier to select visually. Fig. 14. -Calculated edge-on surface brightness profiles for three of our face-on galaxies. Different lines in each panel represent a different viewing angle within the disk plane. The viewing angles are evenly spaced to cover all non-redundant angles. The three galaxies chosen are all disk galaxies with well-defined spiral patterns and weak to non-detected bulges and sample a range of A 1 i . Zaritsky & Christlein (2007) presented a study of 17 edgeon galaxies, in which they trace out the rotation of the galaxy using Hα emission to as large a radius as possible. Unfortunately, of those galaxies only one, IC 2058, is also in the S 4 G database. The rotation curve asymmetry is shown in Figure  15 and is several tens of km s −1 outside of 20 arcsec. Equation 2 suggests that the non-circular velocities will behave with radius as (A1/A0)/R. In general, Figure 5 , A1/A0 rises more slowly than R, suggesting that the non-circular velocity component should decline with radius. We are not seeing that in IC 2058, which instead shows a mild increase with radius, although it may be possible that in this galaxy A1/A0 is rising faster than R. Unfortunately, the spectroscopic data were not taken with care in defining the galaxy center, and the continuum of the galaxy is not sufficiently bright to allow an unambiguous center position. As such, it is not possible to pursue a more quantitative comparison using this spectrum and the S 4 G data. Testing this correspondence in detail with a statistical sample would test the presumption of closed orbits in a non-axisymmetric potential. 
CONCLUSIONS
From a study of the m = 1 and m = 2 Fourier decompositions of the azimuthal 3.6µm surface brightnesses of 167 nearby galaxies covering a wide range of morphologies and luminosities, we confirm the previous claims of 1) a high (many tens of percent, depending on the choice of threshold) incidence on lopsidedness in the stellar distributions, 2) increasing lopsidedness as a function of radius over the stellar disk out to at least 3.5 scale lengths, and 3) larger lopsidedness, over these radii, for later type and lower surface brightness galaxies.
In addition, we present the following new findings: The magnitude of the lopsidedness correlates with the character of the spiral arms. The stronger the arm pattern, ranging from the strongest, grand design, to multi-arm, then to the weakest, flocculent, the weaker the lopsidedness. This result is demonstrated quantitatively using the measures of the m = 1 and 2 distortions matched to visual arm classifications. We conclude that conditions that lead to lopsidedness tend to favor the genesis of flocculent arms, not strong, well defined ones. The magnitude of the lopsidedness has no detectable correlation with the presence or absence of a bar, or the strength of the bar when one is present. We interpret this finding to mean that the conditions that give rise to bar formation are unrelated to those generating most or all of the observed lopsidedness. Values of the stellar mass density, f * , within a disk scale length are inversely correlated with lopsidedness. One interpretation we present is that this feature helps damp out m = 1 modes both by anchoring the centers of the stellar and dark matter components and thereby minimizing "sloshing" (Jog & Maybhate 2006; Kornreich et al. 2002) , and by circularizing any underlying asymmetries in the dark matter distribution because the stars oppose the potential asymmetry (Jog 1999; Bailin et al. 2007 ). An important caveat to this finding, and to a lesser extent in the next, is that we are unable to disentangle correlations with lopsidedness and f * , from those with morphology and surface brightness. Values of f * over the interval range where lopsidedness is measured, 1.5 to 3.5 exponential scale lengths, correlate with values of lopsidedness. We hypothesize that when the stars are a significant fraction of the mass at those radii self-gravity can act effectively to generate or maintain the distortion.
Together we interpret these findings as indicative of the following: Lopsidedness is a generic feature of galaxies and does not depend on a rare event, such as a direct accretion of a satellite galaxy onto the disk of the parent galaxy. Although such events must occasionally happen, and do give rise to features that match those observed (Walker et al. 1996; Zaritsky & Rix 1997) , they cannot explain the large incidence of lopsidedness nor all of the trends we observe without finetuning. Lopsidedness may be caused by several phenomena. Moderate lopsidedness ( A1 i + A1 o)/2 < 0.3 reflects either halo asymmetries to which the disk responds or partially stabilized m = 1 outer disk instabilities. Small asymmetries in the halo give rise to larger, observable stellar asymmetries (Jog & Combes 2009) , and small asymmetries of a few percent in the halo are unavoidable and should be ubiquitous. The response by the stars to such an asymmetry depends both on how centrally concentrated they are with respect to the dark matter and whether there are enough stars in the region of the lopsidedness that self-gravity can become dynamically important. The situation that favors stronger lopsidedness, relatively low stellar mass fractions at smaller radii are also likely to favor weak and irregular arms (see Elmegreen & Elmegreen 1990 , for a similar conclusion based on the analysis of rotation curves), tend to be found among later morphological types, and lead to lower overall surface densities (which have been found to correlate with increased lopsidedness; Reichard et al. 2009 ). Alternatively, the high relative stellar mass densities found in the outer disks of lopsided galaxies are responsible for the instability that generates the disk morphology. Larger levels of lopsidedness are less dependent on the stellar mass fractions at small radii and probably arise more stochastically from major events in the history of the galaxy. Furthermore, lopsidedness in other components, namely the neutral gas, can have other origins, such as asymmetric gas accretion.
The ubiquity of lopsidedness, the dynamical effects it must have on the disk and halo, the resulting influence on gas flows and star formation (Zaritsky & Rix 1997; Reichard et al. 2009) , and the clues it can provide for aspects of galaxies that are difficult to study otherwise, such as the shape of their dark matter halos, are all reasons for the further study of this phenomenon.
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